The frequency and intensity of extreme weather years, characterized by abnormal precipitation and temperature, are increasing. In isolation, these years have disproportionately large effects on environmental N losses. However, the sequence of extreme weather years (e.g., wet-dry vs. dry-wet) may affect cumulative N losses.
| INTRODUCTION
In the US Corn Belt, analyses of historical weather trends and climate model projections indicate increasing frequency of extreme weather years characterized by drought and precipitation surplus (Dai, Shulski, Hubbard, & Takle, 2016; IPCC 2013) . From 1981 to 2015, annual precipitation in Iowa exceeded the 95th percentile of the 1893-2015 record in 12 years (Anderson & Kyveryga, 2016) .
This global change increases the likelihood that two or more of what are presently considered extreme weather years will occur in succession.
The annual sequence of extreme weather years may have nonadditive effects on environmental N losses. In isolation, extreme weather years have disproportionately large effects on nitrogen (N) losses to air and water resources (Chen et al., 2017; Groffman, Hardy, Fisk, Fahey, & Driscoll, 2009; Wang, Qi, Xue, Bukovsky, & Helmers, 2015) ; nitrate leaching and N 2 O emissions often increase exponentially with precipitation (Schwenke & Haigh, 2016; Zhao, Christianson, Harmel, & Pittelkow, 2016) . However, the amount and pathway of N loss during years with precipitation surplus may differ if the preceding year was characterized by normal precipitation, surplus precipitation, or drought.
In arable lands with crop rotations, the annual sequence of extreme weather years can interact with the annual sequence of crop rotation to affect cumulative N losses across the multiyear crop system (Iqbal et al., 2015) . Differences in crop species and N fertilizer requirements can modulate the effect of extreme weather on environmental N losses (Bita & Gerats, 2013; Folberth et al., 2016) .
In cereal-legume crop rotations, which represent >75% of arable land in the US Corn Belt (USDA-NASS, 2014), surplus precipitation can have a greater effect on N losses if the surplus precipitation occurs in the N-fertilized cereal year rather than the unfertilized legume year.
Process-based cropping system models that are calibrated and validated with empirical data provide an opportunity to understand and quantify how sequences of extreme weather years impact cumulative measures of production and environmental performance across a full crop rotation (Abdalla et al., 2010; Deryng, Sacks, Barford, & Ramankutty, 2011) . Moreover, mechanistic models can be used to test climate change adaptation strategies, such as N fertilizer management and cover cropping during fallow. For such analyses, the set-up of the simulation and the capacity of the model to capture complex multiyear dynamics in the soil-crop-atmosphere are important. Basso, Hyndman, Kendall, Grace, and Robertson (2015) demonstrated that the set-up of the model affects the output and interpretation of results. The authors differentiated between seasonal set-up with the same soil initial conditions every year but different climate vs. sequential set-up with different initial soil conditions every year depending on previous crop growth and weather. Nevertheless, the majority of model-based assessments of extreme weather-year effects on environmental N dynamics and crop production have focused on seasonal analyses eliminating crop rotation and N carry-over effects from one year to another (Jin, Prasad, Shriver, & Zhuang, 2016; Rosenzweig et al., 2016; Wang et al., 2015) .
Existing experimental data, however, suggest the sequence of extreme weather years is important such that isolated seasonal estimates of N losses are not additive across years (Iqbal et al., 2015; Metre et al., 2016) . Consistent with this concept, antecedent soil moisture is well known to effect soil N mineralization and NO 3 À leaching during intense precipitation events (Castellano, Lewis, & Kaye, 2013; Goldberg & Gebauer, 2009; Muhr, Goldberg, Borken, & Gebauer, 2008) . In fact, elevated NO 3 À leaching following periods of dry weather is frequently observed (Loecke et al., 2017; Van Verseveld, Mcdonnell, & Lajtha, 2008) .
We hypothesized that the sequence of extreme weather years (e.g., drought-wet vs. normal-wet) has nonadditive effects on environmental N losses across a corn-soybean crop rotation. Furthermore, we hypothesized that a cover crop grown between grain crops can mitigate the effect of extreme weather years on N losses.
To test these hypotheses, we used a comprehensive cropping systems dataset, 63 historical weather years, and the DAYCENT ecosystem model Parton, Hartman, Ojima, & Schimel, 1998; Parton et al., 2001 ). We first calibrated and then validated the model following a sequential approach that accounts for interannual carry-over effects. Then, based on the historical weather records, we created nine 2-year weather sequences (scenarios) with combinations of drought, normal, and surplus precipitation years. We used the model with these 2-year scenarios to identify patterns and trade-offs between productivity and environmental performance across the full crop rotation.
| MATERIALS AND METHODS
The research site was located at Iowa State University Agricultural
Engineering and Agronomy Research Farm in Boone county, IA (42.02 N, 93.77W) . Long-term average annual precipitation and temperature are 87.2 cm and 9.4°C. The soil is Clarion-Nicollet-Webster series (fine-loamy, mixed, superactive, mesic Typic Hapludolls) with a pH of 6.4, and total organic carbon and total N of 2.4% and 0.2% (0-15 cm). The experiment was established in 2008 to study the effect of a winter cereal rye cover crop on the optimum N fertilizer input to corn following soybean in a no-till cropping system (Pantoja, Woli, Sawyer, & Barker, 2015) . The experimental design was splitplot with four replications. The main factor was with and without rye cover crop, and the subfactor included six N fertilizer rates.
However, only three N rates (0, 135, and 225 kg N ha
À1
; onward N0, N135, and N225, respectively) were selected in this study (N135 is the recommended N rate at this location). Each year, corn was planted on half of the site, while soybean was planted on the other half, thus both crops were present each year. Nitrogen fertilizer was applied only to corn. Rye cover crop was planted every fall (drilled at 70 kg seed ha
) and terminated with glyphosate e304 | [N-(phosphonomethyl) glycine] at 1-2 kg active ingredient ha À1 every spring between 0 and 20 days before planting of main crop.
Nitrogen fertilizer was applied to corn at 9-26 days after corn plant- emissions, and crop production in the following cropping systems (all system present every year): CRS = corn-soybean with rye cover crop, CS = corn-soybean without rye cover crop, SRC = soybeancorn with rye cover crop, SC = soybean-corn without rye cover crop. Further management details can be found in Iqbal et al. (2015) and Pantoja et al. (2015) . (Iqbal et al., 2014 ; USDA-ARS 2017 GRACEnet database).
| Weather measurements
Gas sampling was performed in polyvinyl chloride and aluminum rectangular static chambers installed over the area covering the fertilizer band and the inter-row space which did not receive N fertilizer in corn. In soybean and corn plots not receiving N fertilizer, chambers were installed in positions equivalent to fertilized corn.
Inside the chambers, changes in N 2 O and CO 2 gas concentrations over time were measured in situ with a 1412 Photoacoustic Infrared Gas Analyzer (Innova Air Tech Instruments) or by gas chromatography. These two techniques provide statistically identical results (Ambus & Robertson, 1998; Iqbal, Castellano, & Parkin, 2013; TirolPadre et al., 2013) . Changes in gas concentration over time were best fit with linear regression. Detailed description of gas sampling and measurements can be found in Mitchell, Castellano, Sawyer, and Pantoja (2013) and Iqbal et al. (2015) .
2.3 | Soil temperature, moisture, and NO 3 À measurements At each gas sampling event, soil temperature and soil VWC were measured at 0-5 cm depth with a digital soil thermometer (AcuRite:
AE0.05) and a TH300 theta probe (Dynamax Inc.: AE3% VWC), respectively. Soil was sampled at each gas sampling point with a 2 cm diameter probe from 0 to 10 cm nearby each chamber in a fertilizer band and an equivalent position in nonfertilized plots. Soil sampling in fertilizer bands was chosen because previous research has shown that fertilizer bands are the main source of N 2 O emissions (Mitchell et al., 2013) . Soil samples were analyzed for NO 3 À following HoodNowotny, Hinko-Najera Umana, Inselbacher, Oswald-Lachouani, and Wanek (2010).
| Crop measurements
Corn and soybean grain yields at harvest were recorded using combine harvesters. Rye above ground biomass and tissue N concentration were recorded at termination (area = 0.54 m 2 ). The rye biomass was dried at 60°C, weighed, ground, and analyzed for total C and N using a dry combustion elemental analyzer (LECO CHN-2000 analyzer, LECO Corp.). Rye N uptake was calculated as the product of N concentration and dry matter yield. Data (either grain or biomass)
are presented as kg C ha À1 at 0% moisture content.
| DAYCENT model overview
DAYCENT is a daily time step ecosystem model capable of simulating soil C and N cycling and emissions, water balance, and plant growth of crops in rotation across multiple years (Del Grosso, Halvorson, & Parton, 2008; Del Grosso, Mosier, Parton, & Ojima, 2005; Del Grosso et al., 2001 , 2002 Parton et al., 1998 Parton et al., , 2001 ).
Plant growth in the model is driven by temperature and the rate of increase is regulated by soil moisture, temperature, and nitrogen stresses, as well as crop-specific parameters (Del Grosso et al., 2009 ). Soil C and N pools are regulated through various processes in key submodels (Parton, Ojima, Cole, & Schimel, 1994; Parton et al., 1998 Parton et al., , 2001 ). Daily denitrification rates are calculated for each soil layer based on soil NO 3 À concentration distributed throughout the soil profile, heterotrophic respiration, soil water content, texture, and temperature; while nitrification rates are calculated based on soil NH 4 + concentration, water content, texture, and temperature in the top 15 cm . Water flow is simulated with the tipping-bucket approach and applies Richards' equation for water redistribution after the drainage from saturation to field capacity. The proportion of NO 3 À subjected to downward transport with water flow is a function of sand content. Inputs to the model
are agronomic management, weather variables including daily precipitation, minimum and maximum temperature, and soil profile parameters (see Table S1 ). Model outputs include crop dry matter and partitioning to different plant tissues, N uptake dynamics, soil moisture, soil temperature, soil C and N mineralization, NO 3 À leaching, and nitrification and denitrification gas emissions. The reliability of the DAYCENT model to simulate the impact of a range of cropping systems and agronomic management practices on crop production and environmental C and N emissions has been well documented in the literature , 2005 Parton et al., 2001; Stehfest, Heistermann, Priess, Ojima, & Alcamo, 2007) .
| Model set-up, calibration, and validation
In this study, we used DAYCENT version 4.5 to simulate net primary productivity (NPP), crop yields, soil organic carbon ( by altering 11 parameters (see Table S2 ). Model performance was evaluated with the coefficient of determination (R 2 ), root mean square error (RMSE) (see equations in Archontoulis & Miguez, 2015) , modeling efficiency (EF) (Bellocchi, Rivington, Donatelli, & Matthews, 2010; Loague & Green, 1991) , and visual inspection of model error.
| Model application
We 
| Statistical analysis
Yield-scaled N 2 O emissions and yield-scaled NO 3 À leaching were log transformed to meet the normal distribution assumption before analysis using SAS 9.4 (SAS Institute Inc. Figure 6 ). These yield-scaled emissions were lowest at the recommended N fertilizer rate (N135); yield-scaled N 2 O emissions with zero (N0) and excessive N fertilizer (N225) rates were 114 and 37% higher.
In contrast to yield-scaled N 2 O, cover crops significantly reduced yield-scaled NO 3 À leaching in corn and soybean (Table 1, Figure 7 ). Across all N fertilizer treatments and years, cover crop reduced yield-scaled NO 3 À leaching by 190% in corn and 246% in soybean. Nitrogen fertilizer rate to corn had a significant effect on yield-scaled NO 3 À leaching in both phases of the crop rotation.
In the corn phase, yield-scaled NO 3 À leaching was lowest at the recommended N fertilizer rate (N135). However, in the soybean phase, yield-scaled NO 3 À leaching was lowest at zero N fertilizer to corn and increased with N fertilizer rate to the previous corn crop. 
| Model scenario analyses-extreme weather and crop sequence
In general, extreme weather had a smaller effect on N 2 O emissions than NO 3 À leaching (Figures 8 and 9 ). Although total N losses increased with N fertilizer rate, the effect of extreme weather on N losses (measured as the per cent change relative to the normal-normal scenario at the same N rate) was generally similar across the N fertilizer rates (Figures 8 and 9 ). Thus, in the text, we report average effects of extreme weather on N 2 O emissions and NO 3 À leaching across the three N fertilizer rates unless otherwise specified. Cover crops did relatively little to mitigate total N 2 O emissions or the to +13% (Figure 8 ).
Relative to the normal-normal weather scenario without a cover crop, the 2-year extreme weather scenarios without a cover crop changed 2-year cumulative NO 3 À leaching from À93 to +290%. All extreme weather scenarios including a wet year increased 2-year cumulative NO 3 À leaching with increases ranging from 55% in the dry-wet scenario to 290% in the wet-wet scenario. Drought in the first year of the scenario reduced 2-year cumulative NO 3 À leaching when it was followed by drought (-93%) or a normal year (À42%).
However, when drought was followed by precipitation surplus, 2-year cumulative NO 3 À emissions increased by 55%.
The cover crop consistently reduced 2-year cumulative NO 3 À leaching and mitigated the effect of extreme weather scenarios on NO 3 À leaching across all three N fertilizer rates. The 2-year extreme weather scenarios without a cover crop changed 2-year cumulative NO 3 À leaching by À93 to +290%, however, the 2-year extreme weather scenarios with a cover crop changed 2-year cumulative NO 3 À leaching by just À92 to +152% (Figure 9 ). Without a cover crop, the dry-wet weather scenario increased NO 3 À leaching from the normal-normal baseline by 55%, however, with a cover crop this weather scenario increased NO 3 À leaching from the normal-normal scenario with a cover crop by only 27%. Although the wet-wet weather scenario increased NO 3 À leaching with and without a cover crop, inclusion of the cover crop reduced this increase by 74%.
| DISCUSSION
The nonadditive effects of extreme weather-year sequences on environmental N losses could impact the implementation of short-term climate variability mitigation strategies, watershed-scale nitrogen trading programs, and regional estimates of N dynamics. After controlling for crop rotation, the sequence of extreme precipitation Figures 6-9 ). 
| Challenges for modeling N losses
The RMSE and EF values ( Figure 3 ) were comparable with other modeling studies of the same processes (Garrison, Batchelor, Kanwar, & Ritchie, 1999; Li, Chen, Zhang, Edis, & Ding, 2005; Shen et al., 1998; Stehfest, 2005 ). However, a major challenge faced in this study was the simulation of soil NO 3 À after N fertilizer application. The model captured soil NO 3 À temporal dynamics well in the soybean phase, but underestimated soil NO 3 À in the corn phase after N fertilizer application. The underestimate in the corn phase likely resulted from the inability of DAYCENT (and to our knowledge all ecosystem simulation models) to capture "banded" N fertilizer which is applied in a small, concentrated area rather than uniformly distributed across the soil volume (Del Grosso et al., 2008; Fang et al., 2015) . This is a critical challenge for ecosystem models Van Groenigen, Velthof, Oenema, Van Groenigen, & Van Kessel, 2010; Zhao et al., 2016) . Our yield-scaled N losses for the corn phase are consistent with this concept (Figures 6 and 7) . However, our yield-scaled N losses from the soybean phase indicate that this concept may not transfer to multiyear cereal-legume crop rotations (Figures 6 and 7) . Consideration of the 2-year crop rotation revealed that N fertilizer input to corn increased yield-scaled NO 3 À leaching, from the following soybean crop. In the northern Corn Belt, soybean yield is not affected by N fertilizer input to the previous corn crop (Poffenbarger et al., 2016) . Thus, N fertilizer to the previous corn crop increased NO 3 À losses during the soybean phase, but did not increase soybean yield (Table 1) . Nevertheless, comparison of yieldscaled N losses across different crops or multiyear rotations is challenging because crops are not selected simply for maximum biomass production; for example, soybean is grown for protein.
The cover crop did not have a consistent effect on yield-scaled N 2 O emissions from corn or soybean (Table 1 ; Figure 6 ). Cover crops decreased, increased, or had no effect on yield-scaled N 2 O emissions across years and N rates (Table 1; Figure 6 ). The availability of electron donors and acceptors may partly explain these results.
The reduction of NO 3 À to N 2 is controlled by the relative availability of oxidant (oxidized N) and reductant (mostly organic carbon). When The reduction in yield-scaled NO 3 À leaching from the cover crop was greater than the reduction in yield-scaled NO 3 À leaching from application of the recommended N fertilizer rate rather than the excessive rate. Consistent with this result, several studies have determined that N fertilizer management has limited the potential to reduce NO 3 À leaching from rain-fed annual crop rotations on soils with high organic matter (Gassman, Jha, Wolter, & Schilling, 2015; INRS 2013; McLellan et al., 2015) . In these systems, a lack of synchrony between soil organic matter N mineralization and crop uptake is the primary cause of NO 3 À leaching.
The cover crop produced a greater reduction in yield-scaled NO 3 À leaching prior to soybean than corn because cover crops accumulate more growing degree days (GDD) prior to soybeans. In the US Corn Belt, soybeans are planted approximately 3 weeks later than corn (USDA 2010), which provides greater time for cover crop growth and N uptake prior to soybean. In this study, the extra GDDs allowed the cover crop before soybean to attain 35% greater biomass C and 19% greater biomass N than the cover crop before corn. Figure 8) . Similarly, the dry-wet scenario increased NO 3 À leaching by 55% relative to the benchmark, however, the wet-dry scenario increased NO 3 À leaching by 102% (Figure 9 ).
Model outputs indicate that lower NO 3 À leaching and N 2 O emissions in dry-wet vs. wet-dry scenario can be attributed to higher grain yield and fall residual soil NO 3 À in the dry-wet scenario (Figs S7-S8, Table S3 ). In the dry-wet scenario, at the recommended N fertilizer rate without a cover crop, the grain N sink and postharvest residual soil NO 3 À were 20% and 86% greater than the wet-dry scenario (Fig. S8 , Table S3 ). Based on accompanying soil water dynamics (Table S4) , it is likely that crop water use led to the differences in grain N harvest, NO 3 À leaching, and post-harvest soil NO 3 À pool size. Average fall soil volumetric water content was 15% lower in the dry-wet scenario (Table S4) . Together, these results indicate that higher crop yield in the dry-wet scenario led to lower soil water content which limited NO 3 À leaching and N 2 O emissions relative to the wet-dry scenario.
Except for the dry-dry and wet-wet scenarios, the pattern of extreme weather effects on NO 3 À leaching and N 2 O emissions was similar to the pattern of extreme weather effects on crop yield (Figures 8-9 , S7-S8). Relative to the normal-normal benchmark, NO 3 À leaching, N 2 O emissions, and grain yield in weather scenarios when a relatively dry year was followed by a relatively wet year (dry-normal, dry-wet, and normal-wet) were less effected than scenarios when a relatively wet year was followed by a relatively dry year (normal-dry, wet-dry, and wet-normal). This pattern helps to explain the effect of crop productivity on N dynamics. Higher crop productivity used more water and N, which limited both the amount of N loss and the driver of N loss (i.e., high soil water content for both NO 3 and N 2 O). The identification of these patterns provides an opportunity for short-term adaptation to mitigate N losses.
Cover crops are one short-term strategy that can mitigate the effect of extreme weather on NO 3 À leaching particularly when drought results in large amounts of residual inorganic N after an N-fertilized crop. In the 2013 soybeans following corn from the 2012 drought, the cover crop decreased yield-scaled NO 3 À leaching by almost 800% (Figure 7 ). This is an important result because these patterns, simulated at the field scale, were manifest in the Mississippi River Basin. After the 2012 drought in the Midwest US, a wet 2013 spring led to exceptionally high NO 3 À loads in the Mississippi River (Loecke et al., 2017; Metre et al., 2016) . The 2013 nitrate flux from the upper Mississippi River Basin was 118% greater than the recent average, and this can be attributed to large amounts of residual nitrate from low crop production during the 2012 drought (Loecke et al., 2017) .
A short-term boost to government cover crop subsidies would have likely been an effective strategy to reduce these N losses and retain N in soils for future crops. Consistent with the need for such a program, early spring precipitation in the upper Midwest US is increasing while summer and fall precipitation are decreasing (Dai et al., 2016; Hatfield et al., 2011) . Moreover, compared to the longterm weather record (>100 years), extremely wet and dry years are occurring more frequently (Anderson & Kyveryga, 2016) and this shift in precipitation can have substantial effects on farming decisions, thus impacting crop yield (Hatfield, 2010) .
| Managing crop systems for extreme weather
Individual climate change adaptation strategies may not mitigate the effects of extreme weather on all pathways of environmental N e314 | losses. Here, we found that cover crops consistently reduced the effect of extreme weather on NO 3 À leaching, but not N 2 O emissions (Figures 8 and 9 ). Furthermore, in the corn phase of the rotation, the recommended N fertilizer rate minimized yield-scaled N 2 O emissions, but this effect did not carry-over to the following soybean crop, which had lowest yield-scaled N 2 O emissions at zero N input to corn (Figure 6 ).
Given that higher N losses were associated with lower crop yield and higher soil water contents, our results are consistent with the concept that an improvement to systems water use efficiency would increase resilience to global change (Dietzel et al., 2016) .
The relationship between crop yield and N losses also supports a potential climate change feedback between extreme weather and agricultural greenhouse gas emissions. In the future, the patterns revealed in this study can assist with short-term management decisions that aim to reduce N losses. When paired with improved long-term weather forecasting, these strategies could be particularly effective.
